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Abstract 20 
Warming-induced drought stress has been hypothesized as a major driver of forest net 21 
primary production (NPP) reduction, but we lack reliable field data to assess if higher 22 
temperatures lead to forest NPP reduction, particularly in humid sites and at basin to 23 
landscape spatial scales. The use of a landscape approach would allow considering the 24 
feedbacks operating between climate, topography, soil vegetation and water resources. 25 
Here we follow that approach by simulating NPP using the Regional Hydro-Ecologic 26 
Simulation System (RHESSys) model and by comparing the results with radial growth 27 
data (tree-ring widths and intrinsic water-use efficiency −iWUE). We evaluate the 28 
relationships between climate, growth, NPP, atmospheric CO2 concentrations (ca) and 29 
iWUE in xeric and mesic silver fir forests subjected to contrasting water balances. The 30 
growth data successfully validated the 11-month NPP cumulated until spring. The main 31 
negative climatic driver of growth and NPP was the summer evapotranspiration deficit, 32 
which shows a negative association with tree-ring width indices. Sensitivity analyses 33 
indicate that rising ca do not compensate the severe NPP reduction associated to warmer 34 
and drier conditions. The positive effect of rising ca on NPP is mediated by climatic site 35 
conditions being detected only in mesic sites, whereas the negative effects of drought on 36 
NPP override any ca-related enhancement of NPP in xeric sites. Future warmer and drier 37 
conditions causing a higher evaporative demand by the atmosphere could lead to a NPP 38 
decline in temperate conifer forests subjected to episodic droughts.  39 
 40 
Key words: climate warming, tree-ring, Abies alba, Regional Hydro-Ecological 41 
Simulation System (RHESSys), Pyrenees, drought stress, silver fir. 42 
43 
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Introduction 44 
Water deficit is likely to increase if climate warms and both drying and warming trends 45 
could lead to a reduction in net primary production (NPP) and growth of forests (Allen 46 
et al., 2010; Carnicer et al., 2011). Some studies already suggest that warming-related 47 
aridification trends are causing NPP reductions in forests subjected to contrasting water 48 
balances including semiarid (Breshears et al., 2005; Adams et al., 2009; Williams et al., 49 
2013), boreal (Peng et al., 2011), temperate (van Mantgem and Stephenson, 2007) or 50 
tropical biomes (Phillips et al., 2010). However, there are still many research gaps on 51 
the roles played by rising temperatures and increased evapotranspiration levels on NPP 52 
and growth of forests under current and future climatic conditions.  53 
Comparing NPP and growth responses to observed and forecasted climate and emission 54 
scenarios in sites with different water balances could aid to determine if temperature or 55 
precipitation are the major drivers of NPP and growth. Rising atmospheric CO2 56 
concentrations (ca) may also affect NPP and growth by improving the intrinsic water-57 
use efficiency (iWUE, i.e. ratio of net assimilation to stomatal conductance), but 58 
improved iWUE has not translated into enhanced growth neither in xeric nor in mesic 59 
sites (Peñuelas et al. 2011, Lévesque et al. 2014). So, the question remains open about 60 
which climatic factors and ca levels would mainly drive NPP and growth.  61 
The synergistic effects of warmer and drier conditions could also lead to 62 
reduction in NPP and growth across multiple spatial scales. Furthermore, a reduction in 63 
growth and NPP could lead to defoliation with cascading effects on hydrological 64 
processes at the basin and landscape levels (run-off, groundwater recharge, streamflow, 65 
etc.) (Guardiola-Claramonte et al. 2011, Anderegg et al., 2013). These complex 66 
feedbacks call for an integrated evaluation of landscape-level forest responses to climate 67 
warming including drought and related hydro-ecological processes. These assessments 68 
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should consider nonlinear NPP and growth responses to future warmer and drier 69 
climatic conditions (Lloyd et al. 2013), including novel climatic or emission scenarios 70 
or unprecedented events (e.g., severe droughts). 71 
 In the Mediterranean Basin and also in Spain there is an increase in the 72 
frequency and severity of droughts (Hoerling et al., 2012). For instance, during the last 73 
50 years there has been a persistent decrease of surface relative humidity of the growing 74 
season in mainland Spain associated with a marked warming trend, which caused 75 
increased atmospheric evaporative demand (Vicente-Serrano et al., 2014). Projections 76 
indicate an even higher warming trend and a decrease in precipitation across the 77 
Western Mediterranean Basin (Giorgi and Lionello, 2008). 78 
Recent climate variability have caused widespread drought-linked reductions in 79 
NPP and growth of Circum-Mediterranean forests both in dry (Sarris et al., 2007; 80 
Vicente-Serrano et al., 2010a; Barbeta et al., 2013) and mesic sites (Jump et al., 2006; 81 
Linares and Camarero, 2012a, 2012b). In Iberian pine forests warming-induced drought 82 
stress particularly affected growth and survival of those species with higher xylem 83 
vulnerability to cavitation (Sánchez-Salguero et al., 2012) or those populations living in 84 
the driest sites (Martínez-Vilalta and Piñol 2002, Martínez-Vilalta et al., 2008). 85 
However, other authors have noted either a remarkable capacity of tree populations 86 
from drought-prone areas to adapt to water shortage by changing growth dynamics and 87 
water use (Alla and Camarero, 2012; Granda et al. 2014) or a high sensitivity to dry 88 
periods in humid sites (Büntgen et al., 2013).  89 
Such apparently contradictory findings can be resolved by upscaling 90 
physiological models of photosynthetic activity, growth or NPP (e.g., Sabaté et al., 91 
2002) to a basin level thus integrating the complex interactions between climate, ca, 92 
forests and soil hydrological processes (Tague and Band, 2004; Tague et al. 2009a and 93 
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b). In this sense, hydro-ecological models considering tree processes as constrained by 94 
climate and water availability allow simulating forest responses (NPP, growth, carbon 95 
and water use) to observed and projected warming at basin to landscape scales (Morales 96 
et al., 2005; Medlyn et al. 2011). Here, we use a hydro-ecological model to understand 97 
the causes of the observed and simulated NPP and growth year-to-year variability of 98 
silver-fir (Abies alba) at a landscape level in the Spanish Pyrenees. Hydro-ecological 99 
simulations are validated using radial-growth data obtained in a dendrochronological 100 
network. Silver-fir growth decline in that area has been observed since the 1980s in the 101 
most xeric sites, being attributed to drought stress (Camarero et al., 2002; Linares and 102 
Camarero, 2012a). Different scenarios of emission of greenhouse gases (IPCC, 2007) 103 
indicate that forecasted regional warming may vary between +2.8ºC and +4ºC in the 104 
Pyrenees (López-Moreno et al., 2008). Further, warmer conditions and a reduction in 105 
soil water resources (López-Moreno et al., 2009, 2011) are expected to intensify in late 106 
summer, when silver-fir is particularly sensitive to dry conditions (Camarero et al., 107 
2011; Pasho et al., 2011). 108 
 109 
Material and methods 110 
Study area 111 
The study area is the upper Aragón river Basin located in the Central Spanish Pyrenees, 112 
where it occupies 1432 km
2
 and has a mean elevation of 1170 m a.s.l. (Fig. 1). In that 113 
area there is a marked precipitation gradient as elevation increases northwards where 114 
more humid and cool conditions prevail (mean total precipitation of 1600-2000 mm; see 115 
Supporting Information, Fig. S1). Less wet and warmer (more xeric) sites are located at 116 
lower elevation southwards (total precipitation of 750-900 mm) (Fig. 1). The wet 117 
seasons are spring and fall while summer is the driest season (Cuadrat et al. 2007). The 118 
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mean annual temperature at 1100 m of elevation is 8º C while the 0º C-isotherm (above 119 
which snow persists) is located at 1600 m from November up to April. 120 
 Mountain forests of the study area located between 900 and 2000 m are 121 
dominated by conifer species (Pinus sylvestris L., Pinus uncinata Ram.) whose 122 
abundance changes along climatically-related altitudinal levels. Silver fir (Abies alba 123 
Mill.) is one of the tree species reaching larger biomass and height (up to 40 m) in this 124 
area, where it reaches its southwestern distribution limit, and it is dominant in northern 125 
and northwestern humid slopes with deep soils formed on marls, limestones or glacial 126 
deposits (Camarero et al., 2011). Silver fir appears forming pure forests and also mixed 127 
stands with Scots pine and beech (Fagus sylvatica L.). Pyrenean silver-fir forests were 128 
moderately exploited for timber extraction until the 1950s (Cabrera, 2001).  129 
 130 
Datasets used as inputs of the model 131 
To model growth and NPP in each forest, we used homogenised climatic series of daily 132 
data (mean maximum and minimum temperatures, total precipitation) for the period 133 
1979-2006 (Vicente-Serrano et al., 2010b; El Kenawy et al., 2011). These data were 134 
obtained from stations located near each study site (see Supporting Information, Fig. 135 
S2). The observed monthly atmospheric CO2 levels (ca) were also included in the model. 136 
They were obtained from the Mauna Loa (Hawaii, USA) station 137 
(http://cdiac.ornl.gov/ftp/trends/co2/maunaloa.co2) and interpolated daily. We used 138 
several geographical sources of information. First, we used a digital elevation model 139 
(25-m resolution, Environment Department, Aragón Regional Government) to describe 140 
the topographical features of the study area. Second, forest and land-cover types were 141 
obtained from the Spanish National Forest Map and the Third National Forest Inventory 142 
(period 1996-2006) (Supporting Information, Fig. S2). Third, soil classes were taken 143 
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from the European Soil Database (available at http://eusoils.jrc.ec.europa.eu/; Wösten et 144 
al. 1999; Jones et al. 2004, Panagos et al. 2012). Finally, daily streamflow data were 145 
obtained from a gage station located at the end of the Yesa reservoir (see Fig. 1). 146 
 147 
The RHESSys hydro-ecological model 148 
We used the Regional Hydro-Ecological Simulation System version 5.14.5 (hereafter 149 
RHESSys, see http://fiesta.bren.ucsb.edu/~rhessys) to model NPP in the study forests 150 
(Tague and Band 2004). We assume that radial growth and stem wood production, 151 
which is a major carbon sink of the biosphere, would be reliable surrogates of NPP as 152 
has been observed at large spatial scales (Malmström et al. 1997). RHESSys is a hydro-153 
ecological model designed to capture the bidirectional fluxes (feedbacks) of 154 
hydrological and ecological (carbon and water use by vegetation) processes and their 155 
spatial patterns within basins (Tague and Band, 2004). In mountains, topography drives 156 
hydrological processes and vegetation dynamics through indirect effects on energy 157 
drivers (radiation, temperature), and moisture redistribution and storage (soil moisture) 158 
that influence carbon cycling and water use.  159 
RHESSys allows analyzing the hydro-ecological interactions at several spatial 160 
scales from a hillslope to whole basins (Band et al. 1993). The model computes 161 
different hydrological, climatic and vegetation processes at related patch scales and 162 
allows upscaling them to the landscape. RHESSys couples an ecosystem carbon cycling 163 
model with a spatially distributed hydrology model. Details of the model are provided 164 
by Tague and Band (2004) and more recent refinements of energy, moisture and carbon 165 
cycling model are described on RHESSys website. A brief overview is given here. 166 
Forest energy processing in RHESSys accounts for sunlit/shaded partitioning and both 167 
overstory and understory radiation absorption. Photosythesis is based on the Farquhar 168 
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equation (Farquhar and Von Caemmerer, 1982) and stomatal conductance estimates 169 
include regulation by vapor pressure deficit, rooting zone soil moisture, air temperature 170 
and other environmental controls. The reference evapotranspiration is estimated by 171 
using the FAO-56 Penman-Monteith equation (Allen et al., 1998), based on minimum 172 
temperature and daily temperature data used to estimate vapor pressure deficit and solar 173 
radiation, respectively. Wind speed is set as constant and equal to 2 m s
-1
. Estimates of 174 
NPP are allocated to growth of different plant components including leaves, stems and 175 
roots following the approach of Dickinson et al. (1998). Vertical hydrologic processes 176 
include estimates of canopy, litter and soil evaporation and transpiration. Soil 177 
infiltration and drainage through rooting zone and unsaturated and saturated stores are 178 
influenced by soil parameters that are typically calibrated as described in more detail 179 
below. Lateral moisture redistribution is based on topography and local soil properties. 180 
Climate drivers in RHESSYs are spatially interpolated based on the Mountain Climate 181 
Simulator (MTN-CLIM), specifically designed to deal with microclimatic conditions in 182 
topographically complex areas (Running et al., 1987). The RHESSys model has been 183 
previously used to simulate NPP in different vegetation types including mountain 184 
grasslands (Mitchell et al., 2005), and high-elevation ecosystems (Christensen et al., 185 
2008). Applications of the model to forests can be found in other studies (Grant et al., 186 
2013; Tague and Peng, 2013). Of particular relevance to this study is a recent 187 
application of RHESSYs in the American Southwest where model estimates were 188 
shown to accurately represent spatial patterns of both productivity and drought related 189 
mortality along an elevational gradient. (Tague et al. 2013).  190 
Soil parameters in RHESSys typically require calibration since soil and geologic 191 
inputs do not account for complex controls on drainage rates such as hillslope scale 192 
preferential flow path distributions. Calibration adjusts parameters controlling the 193 
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storage and drainage rates of water flow through the soil, namely the saturated hydraulic 194 
conductivity at the surface (K) and its decay with depth (m). Parameters were adjusted 195 
by using a Monte-Carlo procedure based on 1600 simulations run for the period 1996-196 
2006. We selected those parameters that produced monthly streamflow estimates that 197 
gave a value of higher than 0.7 for the Nash-Sutcliffe (NSE) model efficiency 198 
coefficient (Nash and Sutcliffe, 1970) when compared with observed monthly 199 
streamflow. To assess the calibration quality we also used other performance statistics 200 
recommended by Moriasi et al. (2007), such as the Pearson correlation coefficient 201 
calculated between observed and simulated data (r), the percent bias (PBIAS) and the 202 
ratio of the root mean square error to the standard deviation of measured data (RSR). 203 
PBIAS higher than -15% and RSR values lower than 0.07 indicate an adequate 204 
calibration of the model (Singh et al., 2004). 205 
 206 
Growth and water-use efficiency data 207 
To validate and compare observed and simulated growth data we obtained annual radial 208 
growth data from a previously established dendrochronological network. Stem wood 209 
production and radial growth are regarded as good proxies of changes in forest NPP 210 
(Zweifel et al. 2010). We used data from eight silver-fir forests located across wide 211 
altitudinal and climatic gradients covering the study area and including forests with 212 
different defoliation and mortality levels (Fig. 1). To describe recent vigour levels of the 213 
study sites stand die-off levels (percent crown defoliation, living or dead status) were 214 
estimated in the field by sampling 15 dominant trees per stand (trees were randomly 215 
selected across a 500-m long and 20-m wide transect) during 1999-2001 and 2013 to 216 
differentiate declining (sites with more than 25% trees with crown defoliation >50%; 217 
e.g., sites PE and LO) and non-declining (e.g. sites SO and SO) stands. The percentage 218 
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of crown defoliation was visually estimated using a semi-quantitative scale (see further 219 
details on tree sampling in Camarero et al. (2011). We obtained site chronologies of 220 
standardized and detrended tree-ring width indices based on the average of 15 trees 221 
sampled in each study site (period 1982-2000), and the average of all 8 measurement 222 
sites was calculated to obtain a regional chronology. 223 
We also estimated a mean regional iWUE series for the period 1982-2000 by 224 
averaging two series developed for two forests subjected to xeric (site JP) or mesic (site 225 
SO) conditions (see Fig. 1). The annual iWUE was estimated by calculating the carbon 226 
isotopic discrimination of wood cellulose obtained from annually-resolved tree rings 227 
(see more details on sampling and analyses in Linares and Camarero 2012b). 228 
 229 
Statistical analyses 230 
To evaluate the quality of monthly NPP estimates from RHESSys (obtained by 231 
summing daily NPP values) accumulated for different time scales (1 up to 24 months), 232 
we compared them with annual growth data using the Pearson correlation coefficient. 233 
This was done for local and mean regional NPP and growth series. We computed 234 
correlations between tree ring growth estimates and different estimates of accumulated 235 
NPP for different accumulation periods in the year associated with the corresponding 236 
tree ring measurement. We note that this approach helps to reduce uncertainty due to 237 
complex within seasonal patterns of allocation of NPP to specific plant component 238 
including stem wood that are poorly understood. Then, we quantified the relationships 239 
between climate and growth or NPP. We used the following monthly climatic variables: 240 
total precipitation (P), mean air temperature (T), reference (ETo) and actual (ET) 241 
evapotranspiration. We also calculated the climatic water balance (difference between P 242 
and ETo) since it is a widely used measure of climatic aridity and drought (Vicente-243 
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Serrano et al., 2010c; 2012a). Lastly, we obtained the evapotranspiration deficit 244 
(difference between ETo and ET) because it has a high explicative power of vegetation 245 
distribution at global scale (Stephenson, 1990). Furthermore, this last measure has been 246 
shown to affect radial growth of conifer species in central Europe (Lévesque et al., 247 
2013).  248 
 249 
Sensitivity analyses under climate change scenarios 250 
We performed sensitivity analyses of the RHESSys outputs after validating the NPP 251 
series as reliable proxies of the spatiotemporal variability in growth of the studied 252 
Pyrenean forests. Several plausible climatic scenarios for the study area were used as 253 
model forcing (López-Moreno et al., 2008). We used twelve regional climate models 254 
obtained from the ENSEMBLES project for the A1B IPCC emission scenario (Hewitt 255 
and Griggs, 2007). These models included wide ranges of forecasted temperature 256 
increase (from +1.0º up to +3.1º C for the year 2050) and precipitation change (from 257 
+0.5% up to 28.3% for the year 2050) for the study area. The model RHESSys was 258 
forced by considering a linear increase of temperature (from 0º to +3º C) and a wider 259 
range of precipitation change (from 20% to +20%) to take into account the uncertainty 260 
of climatic projections. We also used the average multi-model projections for the 261 
evolution of the estimated ca considering the A1B emission scenarios for the year 2050, 262 
namely an increase of +30% of ca (Solomon et al., 2007). We obtained twelve NPP 263 
simulations for each forest as a result of combining different temperature and 264 
precipitation changes. 265 
 266 
Results 267 
Model calibration and NPP-growth association 268 
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The model RHESSys successfully predicted monthly streamflow data according to the 269 
calibration and verification statistics calculated for two different time periods (Table 1, 270 
Supporting Information, Fig. S3). This was confirmed by the tight positive association 271 
(r = 0.81, P < 0.01) found between the regional silver-fir growth series and the 272 
simulated NPP accumulated during 19 months before April of the year of tree-ring 273 
formation (Fig. 2). The highest correlations between observed growth and cumulative 274 
NPP estimates were observed by using accumulation for 10-18 months prior to March 275 
to June of the year associated with the tree-ring based growth estimate (Supporting 276 
Information, Fig. S4). The simulated NPP captures the severe silver-fir growth decline 277 
observed in 1986 quite well. This drought event is related to the beginning of die-off in 278 
the area during the mid 1980s (see Camarero et al., 2011). Particularly large growth 279 
increases such as those observed in 1993 are also reasonably represented by the NPP 280 
series simulated by RHESSys. The positive association between radial growth and NPP 281 
was also observed at the site scale, being particularly strong in sites showing die-off and 282 
subjected to moderate water deficit (e.g., sites PE, LO) (Fig. 3).  283 
 284 
Climate impacts on NPP, growth and iWUE 285 
Regional scale evapotranspiration deficit (ETo-ET) was negatively related to the 286 
regional tree-ring width (r = -0.79, P<0.01) and NPP series (r = -0.83, P<0.01) but 287 
positively (despite weakly, r = 0.46, P<0.05) associated to iWUE, i.e. drier conditions 288 
induced lower radial growth and higher iWUE in silver-fir forests (Fig. 4). 289 
Consequently, growth and iWUE were negatively associated (r = -0.59, P < 0.05) as 290 
NPP and iWUE were (r = -0.72, P < 0.01).  291 
The strongest correlation, in absolute terms, between regional NPP and regional 292 
climatic variables was found for summer actual evapotranspiration (ET) and the 293 
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evapotranspiration deficit which presented negative associations for summer months 294 
and at 1-10 month long scales (Fig. 5a). Simulated NPP was positively (negatively) 295 
related to spring (summer) ETo, particularly at 1-6 months long scales (Fig. 5a). 296 
Summer precipitation was also positively associated to NPP at similar temporal scales, 297 
whereas temperature affects NPP at shorter scales with different signs depending on the 298 
season (positive in winter, negative in summer). Regarding growth, again the actual and 299 
reference evapotranspirations and the evapotranspiration deficit were negatively related 300 
to stemwood production at similar months and scales as the NPP was (Fig. 5b). The 301 
correlations between climatic variables and NPP accumulated until June were similar to 302 
those found for growth (results not presented). These results indicate that water deficit, 303 
summarized by the difference between the actual and the reference evapotranspiration, 304 
mainly controls NPP and growth. 305 
The results observed at the regional scale concurred with those observed at the 306 
local scale in two sites characterized by different water balances and recent die-off 307 
intensity (JP vs. SO sites). Specifically we compared the xeric site JP (annual water 308 
balance, i.e. P-ETo, of 39 mm) which shows die-off and the mesic site SO (annual water 309 
balance of 950 mm) which does not present die-off (see Supporting Information, Fig. 310 
S1). In the xeric site JP the positive correlations between summer precipitation and NPP 311 
or radial growth were higher than in the mesic site SO (Supporting Information, Fig. 312 
S5). High late-winter and spring temperatures were positively related to enhanced NPP 313 
and growth during a longer period in the xeric than in the mesic site. Contrastingly, the 314 
actual evapotranspiration (ET) was more strongly related to NPP in the mesic than in 315 
the xeric site. Summer temperatures were more tightly related to growth in the xeric 316 
than in the mesic site, particularly during long time scales (8-10 months). Overall, the 317 
evapotranspiration deficit (ETo-ET) was the most important driver of NPP and growth 318 
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in these two compared sites, since increased deficit lead to decreased NPP and growth. 319 
In this case the strongest associations between the evapotranspiration deficit and NPP or 320 
growth were detected at shorter temporal scales in the xeric than in the mesic site.  321 
 322 
NPP responses to forecasted climatic scenarios 323 
The three assessed climatic scenarios (warming, precipitation decline, warming and 324 
precipitation decline) show different effects on simulated NPP (Fig. 6). There is also 325 
some influence of rising ca on NPP since the combined control climate and higher ca 326 
scenario (C+CO2 scenario in Fig. 6) increases NPP by 5.7% in comparison to control 327 
climate (C). Nevertheless, there is not a clear pattern in the NPP responses to forecasted 328 
climatic and CO2 conditions considering either the most climatically favourable or 329 
unfavourable years. For instance, the C+CO2 scenario shows more NPP in some 330 
favourable years (e.g., 1987) but not in others (e.g., 1997 and 2003). Considering 331 
climatically unfavourable years the difference between scenarios is not important (e.g., 332 
1986).  333 
Focusing on the climate change scenarios, a warmer climatic scenario (TC) 334 
would enhance NPP by +3.2%, whereas a climatic scenario characterized by drier 335 
conditions (PC) would decrease NPP by −4.1%. A warmer and drier scenario (AC) 336 
would increase NPP by +1.1% in relation to the control period. All these climatic 337 
change scenarios consider the 2050s projected atmospheric CO2 concentrations. This 338 
means that in average the CO2 increase could compensate the increase in evaporation if 339 
precipitation maintains the levels for the control scenario (C), but this compensation is 340 
not observed for an scenario with a 20% of precipitation reduction. All three climatic 341 
scenarios would lead to more severe NPP reductions than the C+CO2 scenarios during 342 
the years recording unfavourable climate conditions like in 1984, 1994, 1995, 1996, 343 
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1998 and 2001. The exception is 1986, in which the C+CO2 scenario provides similar 344 
NPP decrease than the three climate scenarios. Probably the very dry 1986 conditions 345 
were so limiting for NPP and growth that the role of rising ca on NPP could be 346 
considered negligible. In the case of favourable years, the influence of rising ca on NPP 347 
is complex since although in some years the projected NPP values under elevated ca are 348 
higher than those projected under different climate forcing scenarios (e.g., 1987, 1990), 349 
during other favourable years (e.g., 1997) the pattern is the opposite. In any case, the 350 
general pattern observed is that warmer and drier conditions would lead to NPP 351 
reduction during unfavourable climate years, thus overriding any expected NPP 352 
compensation due to rising ca during those years.  353 
Nevertheless, in average and regionally rising ca shows increased NPP that 354 
seems to compensate the effects of projected climate changes on NPP. Stable 355 
temperatures and a +20% increase in precipitation led to a noticeable NPP enhancement 356 
(+6%). Considering +1 and +3 ºC warmer scenarios as compared with the period of 357 
control, the simulated NPP shows a positive response to warming but negative for 358 
drying trends (Supporting Information, Fig. S6). Nevertheless, the impact of the 359 
temperature rise on NPP does not seem to be linear and it depends on water availability. 360 
For example, NPP increases (+6% regarding control) with higher precipitation levels 361 
(+20%) and warmer conditions (+1ºC) are lower than those predicted (+4%) for the 362 
same precipitation levels but under much warmer conditions (+3ºC). Under a strong 363 
reduction of precipitation (-20%), NPP changes are also expected to be positive given 364 
rising ca, but higher temperature scenarios (+3ºC) would compensate rising ca, and lead 365 
to NPP values similar to those predicted for control scenarios.   366 
 Comparing results for the two forests with contrasting climatic conditions and 367 
die-off intensity (JP, more xeric site showing die-off; SO, mesic site without die-off), 368 
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there are strong differences in the estimated NPP response to the increase in ca for the 369 
different climate scenarios (Supporting Information, Fig. S7). The mesic site SO shows 370 
strong NPP enhancement (+36%) as a response to increased ca and control climate 371 
conditions. The different climate scenarios show NPP reductions in comparison to the 372 
C+CO2 scenarios but they show strong NPP increases in comparison to control climate 373 
conditions (see scenarios in Fig. 6): +21.6% in a warmer scenario (TC); +28.7% in a 374 
drier scenario (PC); and +12.3% in response to combined warmer and drier conditions. 375 
Thus, the increase in ca could compensate the negative effects of warmer and drier 376 
conditions (AC) on NPP even during the most stressful years (e.g., severe drought 377 
years).  378 
In contrast, in the xeric site (JP), the positive effect of rising ca on NPP under 379 
control climate conditions is very low (+0.6%) and does not compensate the NPP 380 
reduction associated to warmer (TC, NPP reduced by −0.5%) and warmer and drier 381 
(AC, NPP reduced by −0.8%) forecasts, with the exception of the drier (PC) scenarios, 382 
which shows +0.6% NPP higher than the control climate. In the xeric site the NPP 383 
reductions correspond with years characterized by warm and dry conditions such as 384 
those observed in 1986 and during later droughts (1995-1996). Those conditions caused 385 
intense growth and NPP declines, widespread defoliation and mortality, thus triggering 386 
die-off episodes (see details in Linares and Camarero, 2012a). Our findings indicate that 387 
those defoliation and die-off episodes would be more frequent under warmer and drier 388 
climatic scenarios. Note also that in the xeric site NPP values were always lower than in 389 
the mesic site, confirming that growth and NPP are closer to the climatic threshold of 390 
defoliation and die-off (negative NPP) in the xeric site. 391 
 392 
Discussion and conclusions 393 
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We analyzed the impacts of different climatic scenarios and increasion ca on NPP of 394 
Pyrenean silver-fir forests to infer how the forecasted future warmer and drier 395 
conditions would impact the growth, productivity and persistence of these rear-edge 396 
forests. This simulation approach was based in a hydro-ecological model (RHESSys) 397 
that accounts for climate-soil-vegetation feedbacks at a landscape level. The model was 398 
further validated with field data of radial growth obtained from forests growing under 399 
contrasting climatic conditions and showing different levels of die-off symptoms 400 
(defoliation, growth loss and mortality). The validation was successful at the regional 401 
(basin) and local (site) levels since the NPP accumulated until April-May and tree-ring 402 
width were highly correlated. Recent studies have also pointed out that these models are 403 
valuable tools to predict NPP and growth of forests and indicate that annual ring widths 404 
are good predictors of changes in NPP (Kong et al., 2012; Peng et al., 2012; Poulter et 405 
al., 2013). Such connection between NPP and radial growth has also been observed at 406 
continental scales in Europe (Babst et al., 2013).  407 
Growth and NPP are tightly coupled at annual scales but this association 408 
disappears at monthly or daily scales (Zweifel et al., 2010). This is in agreement with 409 
the fact that wood production is the result of accumulating the surplus of synthesized 410 
carbohydrates, and therefore secondary growth and carbon storage reflect cumulative 411 
NPP (Gough et al., 2008). Growth and NPP may not be coupled at short temporal 412 
scales, since wood formation is just one aspect of tree growth and carbon must first be 413 
used for primary growth to form shoots, buds, leaves and roots (Stoy et al., 2009). In 414 
dendrochronology, it is also well established that the climatic conditions of the previous 415 
year greatly determine, probably through the synthesis and storage of carbohydrates, the 416 
tree-ring width of the following growing season (Fritts, 2001). Thus our finding that 417 
radial growth was highly correlated with estimated NPP accumulated during the 11 418 
18 
 
months before June, is consistent with dendrochronological findings and this 419 
mechanistic explanation. We found that correlations between model estimates of NPP 420 
and stem growth are better for less productive sites. This is in agreement with the results 421 
by Tague et al. (2013), which suggest that in more productive years, plant allocation 422 
strategies vary in ways that may not be accurately represented in the model. In the 423 
Pyrenees the highest radial-growth rates of silver fir typically occur in May and June 424 
(Camarero et al., 2011). 425 
 Our empirical analysis of the climate drivers and growth suggest that water 426 
deficit, and particularly the difference between the evaporative demand by the 427 
atmosphere and the available water to evaporate, determine growth and NPP in the 428 
study sites. These climatic parameters were also proposed by Lévesque et al. (2013) to 429 
explain the inter-annual variability of growth and the vulnerability to drought of 430 
conifers inhabiting central-European forests. We note however correlations between 431 
RHESSys model estimates and growth were higher than correlations associated with 432 
climate-based metrics. This is expected given that the model accounts for both within 433 
season temporal patterns of climate drivers and includes a semi-mechanistic 434 
representation of plant physiological responses to climate deficits and vegetation 435 
conditions.  436 
Both RHESSys estimates and empirical climate metrics suggest a high 437 
sensitivity of forests in this region to drought, at the regional scale and for both mesic 438 
and xeric sites. The described sensitivity to drought is remarkable given that we 439 
included forests located in relatively humid study sites that always showed positive 440 
water balances. We note however that plant communities dominating wet sites are also 441 
vulnerable to water deficit, in terms of xylem cavitation, because they seem not to be 442 
adapted to severe water shortage (Maherali et al., 2004). Furthermore, other studies 443 
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based on tree-ring data and remote sensing have shown that NPP and growth responses 444 
to drought also occur in these humid sites (Pasho et al., 2011; Vicente-Serrano et al., 445 
2012b).  446 
The declines in NPP and growth shown here suggest that a warming-related 447 
higher evaporative demand and lower available soil moisture could cause growth 448 
decline during the most climatically unfavourable years. In fact, the associations 449 
observed between growth and the evapotranspiration deficit (ETo-ET) were higher than 450 
those observed with other climatic variables such as mean temperature or total 451 
precipitation (Camarero et al., 2011; Linares and Camarero, 2012a). Evapotranspiration 452 
deficit not only caused growth and NPP declines but also increased water-use 453 
efficiency. However, growth and NPP were more related to the atmospheric demand 454 
than water-use efficiency. Our findings agree with previous reconstructions of growth 455 
and water-use efficiency showing that they are neither related in silver fir (Linares and 456 
Camarero 2012b) nor in other conifer species (Lévesque et al. 2014). If rising ca leads to 457 
increased water-use efficiency through a reduction in stomatal conductance this does 458 
not imply an enhancement in tree growth, even in the case of xeric sites where a higher 459 
improvement in water-use efficiency would be expected (Peñuelas et al. 2011). Our 460 
findings suggest that the negative effects of increasing evapotranspiration deficit on 461 
NPP in a warmer and drier scenario will override any positive effect of rising ca  on NPP 462 
in xeric sites where ongoing die-off episodes are already being observed (Camarero et 463 
al. 2011). 464 
Most die-off episodes of Pyrenean silver-fir forests have been detected in 465 
marginal dry areas, usually constituting one of the southernmost distribution limits (rear 466 
edge) of the species in Europe (Camarero et al. 2011). Our model estimates similarly 467 
show lower NPP, and in some cases negative NPP values in the xeric study. Although 468 
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increasing atmospheric CO2 levels coincide with enhanced tree growth and NPP as our 469 
model shows, our results also indicate that strong NPP reductions corresponding to 470 
climatically unfavorable years would become common in humid areas if current 471 
warming trends continue, despite an increase in ca and possibly improved water-use 472 
efficiency. Moreover, in xeric sites the strong NPP reductions are predicted to be more 473 
severe and frequent as a response to warmer and drier conditions, even if ca rises. 474 
 In the long term this study predicts a general increase of NPP in silver-fir forests 475 
as a response to rising ca. Nevertheless, warmer climatic scenarios enhancing 476 
atmospheric evaporative demand would limit NPP more strongly than drier ones. Thus, 477 
warmer conditions may cause growth decline and trigger die-off of xeric Pyrenean 478 
silver-fir forests despite improved water-use efficiency (Linares and Camarero, 2012b). 479 
Ecophysiological models predict a general decrease of NPP in Circum-Mediterranean 480 
forests if warming and drying trends are maintained (Anav and Mariotti 2011). Hydro-481 
ecological models represent valuable tools to predict the forest dynamics at basin and 482 
landscape scales considering several forest parameters (growth, NPP and leaf area) but 483 
also accounting for interactions among different climatic drivers both within and 484 
between growing seasons. Further, combining simulated NPP and reconstructed growth 485 
data would allow quantifying long-term trends in carbon uptake (e.g., stemwood 486 
production) and water use (e.g., streamflow) and to forecast their trends under future 487 
climate and biogeochemical scenarios. The latter aim is a high priority in drought-prone 488 
areas such as Mediterranean forests. 489 
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 732 
 733 
 NSE r
 
PBIAS (%) RSR 
Calibration period (1996-2006) 0.82 0.92 -12.6 0.06 
Verification period (1986-1996) 0.61 0.82 -0.05 0.09 
 734 
Table 1. Statistics of the calibration and verification periods show a good agreement 735 
between observed and predicted streamflow values obtained by the RHESSys hydro-736 
ecological model as several statistics indicate (NSE; Nash-Sutcliff efficacy index; r, 737 
Pearson correlation coefficient; PBIAS, percent bias; RSR, ratio of the root mean square 738 
error to the standard deviation of measured data).  739 
 740 
 741 
742 
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Figures 743 
744 
 745 
 746 
Figure 1. Study area located in the Spanish Pyrenees (Aragón) (a) and view of a mixed 747 
silver-fir-beech forest (Las Eras) located near the upper black square on the map. The 748 
red symbols correspond to the eight silver fir forests with available tree-ring width 749 
series, while red polygons indicate the forest patches simulated by the model RHESSys. 750 
The black symbols show the two study forests were intrinsic water-use efficiency was 751 
also estimated. Note the sharp gradient of annual water balance indicated by the brown-752 
to-blue scale corresponding to a shift from dry to wet conditions as elevation increases 753 
northwards. 754 
755 
(a) 
 
(b) 
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 756 
Figure 2. The regional tree-ring width index series of silver fir (continuous line) and the 757 
simulated net primary production (NPP) accumulated during 19 months until April 758 
(presented as anomalies, dotted line) are tightly and positively associated (r = 0.81, P < 759 
0.001). 760 
35 
 
 761 
Figure 3. Local associations (Pearson correlation coefficients) observed between 762 
simulated net primary production (NPP accumulated during 11 months until June of the 763 
growth year) and the local tree-ring width series for the eight studied silver fir forests 764 
(see sites’ codes in Fig. 1). Correlations were calculated for temporal scales varying 765 
from 1 to 24 months (y axes).   766 
767 
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 768 
Figure 4. Comparison of the regional tree-ring width index and water-use efficiency 769 
(iWUE, mean ± SE) series and the evapotranspiration deficit or difference between 770 
reference (ETo) and actual evapotranspiration (ET). The tree-ring width indices and the 771 
evapotranspiration deficit are presented as anomalies. The correlation coefficients 772 
(significance levels) calculated between tree-ring width or iWUE and the water balance 773 
are r=-0.59 (P<0.05) and r=-0.79 (P<0.01), respectively. 774 
775 
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 777 
 778 
Figure 5. Correlations calculated at different temporal scales (1-24 months, y axes) 779 
between monthly climatic variables (ETo, reference evapotranspiration; PCP, 780 
precipitation; T, mean temperature; ET, evapotranspiration; P-ETo, water balance or 781 
difference between precipitation and reference evapotranspiration; ETo-ET, 782 
evapotranspiration deficit -difference between reference and actual evapotranspiration-) 783 
and simulated net primary production (NPP) (a) or growth data (b). x-axis in the plots 784 
correspond to the different months of the year (1 = Jan) and y-axis are the number of 785 
months preceding (x) for which climate variables were aggregated 786 
787 
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 788 
Figure 6. Evolution of the simulated regional NPP and the predicted NPP considering 789 
three different climatic and emission scenarios to force observed regional climate 790 
evolution between 1982 and 2006 (C+CO2, control climate + 2050s projected 791 
atmospheric CO2 concentrations; TC, temperature change through a +3 ̊C warming; PC, 792 
20% precipitation change; and AC, combined +3 ̊C warming and 20% precipitation 793 
decline, all these climate scenarios also consider the simulated atmospheric CO2 794 
concentrations for 2050; C, control climate and no change in atmospheric CO2 795 
concentrations). 796 
797 
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 799 
 800 
 801 
Figure S1. The study area encompasses a wide climatic gradient regarding the water 802 
balance. Diagrams showing monthly total precipitation (left y axis) and reference 803 
evapotranspiration (right y axis) monthly values for the eight studied forests. Dark and 804 
clear grey areas indicate positive and negative water balances (differences between P 805 
and ETo), respectively. The values shown in the upper left corner indicate the water 806 
balance estimated for each forest. Underlined codes correspond to sites showing die-off 807 
(see sites in Fig. S2). 808 
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 810 
Figure S2. Geographical datasets used as inputs of the model RHESSys model 811 
including: (a) precipitation (blue dots) and temperature (red dots) data taken from 812 
meteorological stations, (b) forest types (data from the National Forest Map and the 813 
Third National Forest Inventory), and (c) soil classes. 814 
815 
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 816 
 817 
Figure S3. Observed (black line) and simulated (grey line) monthly streamflows in the 818 
study area (period 1986-2006). The figure shows the validation and calibration periods. 819 
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 821 
 822 
Figure S4. Pearson correlation coefficients (color scale) calculated at different temporal 823 
scales (y axis) between the regional tree-ring width index series and corresponding net 824 
primary production anomalies  825 
826 
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 827 
 828 
Figure S5. Correlations calculated at different spatial scales between monthly climatic 829 
variables (ETo, reference evapotranspiration; PCP, precipitation; T, mean temperature; 830 
ET, evapotranspiration; P-ETo, water balance or difference between precipitation and 831 
reference evapotranspiration; ETo-ET, evapotranspiration deficit −the difference 832 
between reference and actual evapotranspiration) and simulated net primary production 833 
or local tree-ring width indices (radial growth) for two forests with contrasting climatic 834 
conditions: mesic (a, site SO in Fig. 1) and xeric site (b, site JP in Fig. 1). 835 
836 
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 837 
 838 
Figure S6. Relative responses (percentages) of the regional simulated net primary 839 
production (NPP) averaged over the simulation period to projected changes in mean air 840 
temperature and total precipitation (presented as percentage of the average values 841 
recorded in the study area). 842 
843 
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 844 
 845 
Figure S7. (A) Relative responses (percentages) of the regional simulated net primary 846 
production (NPP) anomalies to changes in mean temperature and total precipitation 847 
(presented as percentage of the maximum values recorded in the study area) in the xeric 848 
declining site JP showing die-off and the mesic non-declining site SO. The lower two 849 
figures show the evolution of the observed and predicted NPP values considering three 850 
different climatic scenarios (C+CO2, control climate + 2050s projected atmospheric 851 
CO2 concentrations; TC, temperature change through a +3 ̊C warming; PC, 20% 852 
precipitation change; and AC, combined +3 ̊C warming and 20% precipitation decline, 853 
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all these climate scenarios also consider the simulated atmospheric CO2 concentrations 854 
for 2050; C, control climate and no change in atmospheric CO2 concentrations)  in sites 855 
SO (B) and JP (C). 856 
 857 
